The acidification model MAGIC was used to predict recovery of small lakes in southernmost Norway to future reduction of acid deposition. A set of 60 small headwater lakes was sampled annually from either 1986 (35 lakes) or 1995 (25 lakes). Future acid deposition was assumed to follow implementation of current agreed legislation, including the Gothenburg protocol. Three scenarios of future N retention were used. Calibration of the sites to the observed time trends (19901999) as well as to one point in time considerably increased the robustness of the predictions. The modelled decline in SO 4 * concentrations in the lakes over the period 19862001 matched the observed decline closely. This strongly suggests that soil processes such as SO 4 adsorption/desorption and S reduction/oxidation do not delay the response of runoff by more than a few years. The slope of time trends in ANC over the period of observations was less steep than that observed, perhaps because the entire soil column does not interact actively with the soilwater that emerges as runoff. The lakes showed widely differing time trends in NO 3 concentrations over the period 19862000. The observed trends were not simulated by any of the three N scenarios. A model based on the C/ N ratio in soil was insufficient to account for N retention and leaching at these sites. The large differences in modelled NO 3 , however, produced only minor differences in ANC between the three scenarios. In the year 2050, the difference was only about 5 µeq l -1 . Future climate change entailing warming and increased precipitation could also increase NO 3 loss to surface waters. SO 4 * concentrations in the lakes were predicted to decrease in parallel with the future decreases in S deposition. Fully 80% of the expected decline to year 2025, however, had already occurred by the year 2000. Similarly, ANC concentrations were predicted to increase in the future, but again about 67% of the expected change has already occurred over the past 20 years. The recovery of ANC was predicted to be incomplete. Even after the CLE scenario (for future acid deposition) is implemented, the chemical conditions in about one-third of the lakes were predicted to be insufficient to support trout populations in the future. Thus, additional measures will be required if these lakes are to be restored.
Introduction
Decades of acid deposition in southernmost Norway have resulted in widespread acidification of surface waters with severe consequences for fish populations (Overrein et al., 1980) . Acid deposition peaked in the 1970s. International agreements under the United Nations Economic Council for Europe (UN-ECE) Convention on Long-Range Transboundary Air Pollution (LTRAP) to reduce emissions of sulphur and nitrogen compounds (Bull et al., 2001) have resulted in 6070% reduction in S and 20% reduction in N deposition during the period 19802000 (Skjelkvåle et al., 2001b) .
Lakes in southernmost Norway have begun to recover from acidification as a result of reductions in S and N deposition (Skjelkvåle et al., 2001a , Skjelkvåle et al., 1998 . Sulphate (SO 4 ) concentrations have declined, acid neutralising capacity (ANC) and pH have increased and concentrations of labile inorganic aluminium (Al n+ ) have declined. The waters have become less toxic to fish and other aquatic organisms.
Additional recovery can be expected in the future as new reductions in emissions of acidifying components come into effect, in compliance with the 1999 Gothenburg protocol to the LTRAP convention and other agreed international and national legislation (here termed the CLE scenario).
The response of water chemistry to changes in acid deposition is characterised both by substantial lag times and by hysteresis; the path of recovery is not the reverse of the path of acidification. Prediction of future acidification status and hence of fish populations thus requires use of dynamic process-oriented acidification models. MAGIC (Model For Acidification of Groundwater In Catchments) is such a tool (Cosby et al., 1985a (Cosby et al., ,b, 2001 . MAGIC can be used to predict recovery of small lakes in southernmost Norway to future reductions of acid deposition. Observations are available for a set of 60 small headwater lakes sampled annually since 1986 (35 lakes) or 1995 (25 lakes) as part of the Norwegian national monitoring programme for long-range transported polluted air and precipitation (SFT, 2002) . Twenty-six of the lakes were also sampled once in 1974 or 1975 (Wright and Henriksen, 1978; Wright and Snekvik, 1978) . The trends in water chemistry in the 1990s in these lakes together with similar lakes in Sweden and Finland have been assessed by Skjelkvåle et al. (2001b) .
MAGIC has been used previously to assess past and predict future trends in acidification of lakes in Norway. Wright et al. (1991) used MAGIC and a Monte-Carlo procedure with water chemistry data from a 1974 survey and 1986 re-survey of 180 lakes in southernmost Norway to predict regional acidification in response to several scenarios of future acid deposition. Cosby and Wright (1998) used these data together with a second resurvey in 1995 to assess regional acidification using the Monte-Carlo as well as a site-specific procedure.
Here the new MAGIC7 version with nitrogen dynamics was used together with the latest scenario for future acid deposition (the CLE scenario) to predict future acidification of lakes in southernmost Norway given two alternative paths for nitrogen retention and loss. The objective was to estimate the future recovery of acidified lakes. This work was part of the European project RECOVER:2010, a project whose goals were to assess trends in recovery of surface waters to date and to predict future recovery ).
Materials and methods

MAGIC MODEL
MAGIC is a lumped-parameter model of intermediate complexity, developed to predict the long-term effects of acidic deposition on surface water chemistry (Cosby et al., 1985a (Cosby et al., ,b,2001 . The model simulates soil solution and surface water chemistry to predict average concentrations of the major ions. MAGIC calculates for each time step (in this case yearly) the concentrations of major ions on the assumption of simultaneous reactions involving sulphate adsorption, cation exchange, dissolution-precipitationspeciation of aluminium and dissolution-speciation of inorganic and organic carbon. MAGIC accounts for the mass balance of major ions in the soil by book-keeping the fluxes from atmospheric inputs, chemical weathering, net uptake in biomass and loss to runoff.
Data inputs required for calibration of MAGIC comprise lake and catchment characteristics, soil chemical and physical characteristics, input and output fluxes for water and major ions, and net uptake of base cations by vegetation.
LAKE DATA
The 60 lakes in the study are a subset of 200 lakes from the four most affected counties in southern Norway (Telemark, Aust-Adger, Vest-Agder, Rogaland). These lakes have been sampled once annually since 1986 or 1995. The 200 lakes are in turn a subset of lakes sampled in the national 1000-lake surveys of 1986 (Henriksen et al., 1988) and 1995 (Skjelkvåle et al., 1996 (Skjelkvåle et al., , 1998 . The data comprise part of the Norwegian monitoring programme for long-range transported polluted air and precipitation (SFT, 2002) .
The lakes are acid-sensitive, headwater lakes on granitic or gneissic bedrock with negligible local pollution sources. Lake water samples were collected annually during the autumn turnover period from the outlet or surface water and analysed by standard methods at the Norwegian Institute for Water Research (NIVA). Data used here include concentrations of major ions, Al-species, and total organic carbon (TOC). In this application, MAGIC was calibrated to mean values for the years 199597.
Average annual discharge at each lake was taken from maps of specific runoff for the standard period 19601990 prepared by the Norwegian Water Resources and Electricity Board. Lake area and catchment area were obtained by planimetry from 1:50000 topographic maps. These data are in NIVAs 1500-lake database (Skjelkvåle et al., 1996) . For lack of lake-specific data, annual water retention time in the lakes was assumed to be 0.5 years, a characteristic value for small lakes in Norway.
DEPOSITION DATA
Atmospheric deposition is measured daily or weekly by the Norwegian Institute for Air research (NILU) at a network of stations covering the whole of Norway, as part of the Norwegian national monitoring programme for long-range transported polluted air and precipitation (Aas et al., 2002) . Although these data give a good measure of the relative amounts and trends in deposition, they do not give representative deposition at each individual lake and its catchment because of local variations caused by orographic effects, as well as variations in vegetation and surface roughness that affect amounts of dry and occult deposition. For this modelling study, therefore, deposition was estimated for the calibration period (199597) from lake-water chemistry and average specific runoff at each lake. The procedure estimated firstly the deposition of ions derived from sea salts and then the deposition of the pollutant fractions of SO 4 , nitrate (NO 3 ) and ammonium (NH 4 ).
For sea salts, the deposition of chloride (Cl) was assumed equal to the flux of Cl from the lake:
where Q is the specific discharge from the lake outlet. This assumed that all Cl in runoff is deposited from the atmosphere, and that there were no sources or sinks for Cl in the catchment. Next, the deposition of the marine fractions of Ca, Mg, Na, K, and SO 4 were calculated from the Cl deposition, assuming the ratio of each is the same as in seawater. 
Non-marine deposition of Ca, Mg, Na, and K was assumed to be zero. To the extent that they were non-zero but constant over time, they were automatically incorporated as inputs into the estimated weathering rate as part of the calibration procedure.
Next, the deposition of non-marine SO 4 was calculated. The flux of SO 4 from the lake (concentration times discharge) (Eqn. 7) comprised SO 4 from four sources: anthropogenic-derived SO 4 in deposition, atmospheric deposition of marine SO 4 (as calculated by Eqn. 6 above), natural background deposition of non-marine SO 4 , and weathering of SO 4 from soils and bedrock (Eqn. 8).
SO 4dep = marine SO 4dep + non-marine background SO 4dep + weathering SO 4 + pollutant SO 4dep . Brakke et al. (1989) and later Henriksen and Posch (2001) have estimated background SO 4 concentrations in Norwegian lakes, based on linear regression of SO 4 * on BC * concentrations in lakes in parts of Norway receiving very low levels of acid deposition:
where the intercept a gives the natural atmospheric background and the slope b gives the weathering, BC is the equivalent sum of concentrations of base cations (principally calcium and magnesium) and asterisks denote the nonmarine fraction. For Norwegian lakes the natural atmospheric background (intercept a) was estimated as 15 µeq l 1 by Brakke et al. (1989) based on data from the mid1980s, but by 1995 had decreased to 8 µeq l -1 (Henriksen and Posch, 2001 ). This suggests strongly that areas of northwestern and northern Norway receive small but significant acid deposition, and that this deposition has decreased in parallel with decreases in southern Norway and elsewhere in Europe. The actual pristine natural background deposition of non-marine SO 4 is thus probably even lower. EMEP has estimated the deposition of S in southernmost Norway in the absence of any anthropogenic emissions in Europe to be 50 mgS m 2 yr (3 meq m 2 yr). This is equivalent to 3 µeq l 1 SO 4 in 1000 mm precipitation. This value was used for the natural background deposition of non-marine SO 4 . Henriksen and Posch (2001) give 0.160.17 for the slope b in Eqn. (9), an estimate of the weathering SO 4 . The value of 0.17 was used here. Finally, deposition of pollutant SO 4 was obtained by difference from Eqn. (8).
This procedure assumed that for the calibration period (199597), all SO 4 in runoff came in atmospheric deposition and weathering; thus, there were no other sources or sinks for SO 4 in the catchment. In fact, soil processes such as sulphate adsorption/desorption and sulphur reduction/ oxidation operate on time scales of years-to-decades in retaining and releasing SO 4 , but these were assumed to be negligible (or at steady-state) for the calibration period 199597.
Finally, the deposition of NO 3 and NH 4 was estimated from the non-marine SO 4 deposition times the ratio of NO 3 and NH 4 to SO 4 in precipitation at the nearest NILU station.
MAGIC requires information for the historical and future deposition rates of those ions whose deposition changes over time ( Fig. 1) . It was assumed that only the pollutants SO 4 * , NO 3 and NH 4 changed over time. For SO 4 * the historical deposition was scaled to the estimated deposition history for the EMEP square in southernmost Norway (the Birkenes square) as given by Mylona (1996) and modified by Schöpp et al. (2003) . Similarly, the historical deposition of NO 3 and NH 4 was scaled to the estimated deposition history for Europe given by Simpson et al. (1997) and modified by Schöpp et al. (2003) . Future deposition under the CLE scenario (current legislation) was taken from estimates by IIASA and EMEP (Schöpp et al., 2003) .
SOIL DATA
Soil data came from various research projects and monitoring programmes. Forest soils data came from national surveys of soils in productive forests conducted at a 9 × 9 km grid by the Norwegian Institute for Soil and Land Inventory (NIJOS) (Esser, 1994; Esser and Nyborg, 1992) . Data for non-forests (mostly upland heathlands) came from a soil survey of heathlands in Rogaland and Vest-Agder counties (Wright et al., 1999) and from calibrated catchments in the Norwegian monitoring programme (SFT, 2002) . For each catchment, the soil data from the nearest forest and non-forest site were used, weighted by the fraction of forest and non-forested area. The data were then aggregated to obtain a single set of values for each lake catchment.
NET UPTAKE
The mass balance for the terrestrial catchment requires assessment of the net removal of base cations from the catchment through forest harvesting. This removal is equivalent to net uptake in the vegetation. Here, it was assumed that over the long-term the removal was proportional to forest productivity. Data for productivity came from NIJOS forest inventory and estimated net uptake of cations from Frogner et al. (1994) . These were scaled to each lake catchment based on the fraction of forest in the catchment.
FIXED PARAMETERS
In addition to the input data for deposition and soil MAGIC requires several fixed parameters that are used here as defaults for all sites. For soil, these were porosity, aluminium solubility, temperature, partial pressure of carbon dioxide in soil air, total concentration of organic acids and pK values, and two parameters for sulphate adsorption (maximum capacity and half-saturation constant). For water these were aluminium solubility, temperature, partial pressure of carbon dioxide, and pK values of organic acids (Table 1) . These default values came largely from detailed site-specific MAGIC applications in Norway for which more extensive data are available, such as the data from the RAIN and CLIMEX projects . The pKs for a triprotic organic acid came from a study of organic acids in a variety of surface waters in Europe (Hruska et al., 2003) . 1995 -97 (from Mylona, 1996 and Simpson et al., 1997 as modified by Schöpp et al., 2003) . The newest version of MAGIC (7) includes several processes for nitrogen retention and loss in the terrestrial catchment and lake itself (Cosby et al., 2001) . Inasmuch as the actual history of overall N retention as well as the future N retention are quite uncertain, three possible N scenarios were chosen and MAGIC was calibrated; thus, three sets of hindcast and forecast lake chemistry were obtained. This assumption was based on input-output studies summarised by Kaste and Dillon (in press) who suggest a velocity of 5 m yr 1 for Norwegian lakes.
The three scenarios thus differed in the description of N retention in the soil. Scenario 1. Constant % N retention. The simplest assumption for N retention is that the fraction of incoming N retained is constant over time. Thus as N deposition declines in the future, the amount of N released in runoff from the soil will decline proportionally. The magnitude of this fraction was calculated from the input-output mass budget for the calibration period 199597.
For the lake, the mass budget is
where N out,l is the flux of NO 3 from the lake (concentration times discharge), N runoff is the flux of NO 3 from the catchment, N dep,l is the NO 3 +NH 4 deposited directly on the lake surface, N ret,l is the retention of N in the lake (per m 2 lake surface) given by Eqn. (10), and units are meq m -2 yr. For the catchment the mass budget is
where N dep,s is the NO 3 +NH 4 deposition on the catchment, N ret,s is the N retention in the soil and units are meq m -2 yr (per m 2 terrestrial surface). The fraction of incoming N retained in the soil is thus
This value was calculated for each lake-catchment system for the calibration period 199597, and held constant over time for the constant % retention scenario.
Scenario 2. N dynamics, high C pool. The equations for N dynamics in MAGIC version 7 derive from the empirical relationship between the fraction of N leached and the C/N ratio in uppermost soil layers (forest floor) in forested stands in Europe (Fig. 2) (Gundersen et al., 1998) . Retention (immobilisation) of inorganic N into the soil organic matter was assumed controlled by the C/N ratio of the soil organic compartment. If the C/N ratio is above an upper threshold value (CN UP ), retention of inorganic N was 100%. If the C/ N ratio is below a lower threshold value (CN LO ), retention of inorganic N was 0%. This empirically-based method for estimating immobilisation rates required that the upper and lower threshold C/N values be calibrated for each site. The inorganic N immobilised from soil solution was added to the organic N in the organic pool, lowering the C/N ratio of that pool. Thus, there is a decline in the C/N ratio of the simulated soil organic pool as N from deposition is accumulated. As the declining C/N crosses the upper threshold, leaching of inorganic N begins and gradually increases as C/N declines further. One key parameter is the size of the C pool and possible changes in C pool over time. The empirical data of Gundersen et al. (1998) indicate that only the C/N ratio of the upper organic soil layers varies with N deposition. But in many cases the size of this C pool is too small to account for the total accumulation of N over the past 50+ years at these sites. Some of the N retained must be passed down to lower soil layers. Yet the C pool for the whole soil is too large to allow significant change in C/N ratio due to N retention over the past 50+ years. For the sites here in southern Norway, two C pool sizes were chosen to calibrate MAGIC. The high C pool scenario used the C pool of the entire soil. Scenario 3. N dynamics, low C pool. This scenario uses a C pool one-third (an arbitrary and low figure) of the total measured pool, and was otherwise the same as scenario 2.
CALIBRATION PROCEDURE
MAGIC was calibrated to the average water chemistry for the period 199597 and the soil chemistry for each lake using an automated routine on a site-specific basis. The first steps involved calibration of the strong-acid anions; Cl and SO 4 were calibrated by adjusting the deposition inputs as described above, and NO 3 was calibrated from the inputoutput budgets also as described above. This set the modelled sum of strong acid anions (SAA) equal to the observed. The next steps involved calibration of the base cations Ca, Mg, Na, and K. A trial and error process was used to adjust the weathering rates of Ca, Mg, Na, and K and initial soil exchange pools of these four cations until modelled concentrations of base cations in the streamwater and modelled pools of base cations in the soil matched those observed for the calibration period. This step calculated the soil-soil solution selectivity coefficients for base cations and Al exchange. At this point, the modelled sum of base cations (SBC) equalled the observed for the calibration period.
Results
CALIBRATION
New for this regional application of MAGIC to lakes in southern Norway is that the model was calibrated not only to one point in time, but also to the time trend in the observed chemistry. For 26 of the 60 lakes in the dataset there are observations from the 197475 regional surveys (Wright and Henriksen, 1978; Wright and Snekvik, 1978) as well as annual measurements from 1986 as part of the national monitoring programme (SFT, 2002) . Most of the lakes showed statistically significant decreases in SO 4 * concentrations during the period 199099 (Skjelkvåle et al., 2001b) .
Modelled concentrations of SO 4 * , of course, exactly matched the observed for the calibration period 199597, as they were forced to do so as a consequence of the assumption that SO 4 input equals SO 4 output at each lake. The 20-year trends, however, provide an independent measure of the model fit to the observations. The first condition for matching the trends in SO 4 * concentrations is that the deposition sequence used (EMEP modelled deposition) agreed with the measured deposition. For the 27-year period 19752001, the measured wet deposition at 7 stations in southern Norway showed the same trend as the EMEP modelled, but in many years actual deposition was higher than the modelled values (Fig. 3) . Actual deposition varied from the modelled for a number of reasons; the most important probably was year-to-year variations in meteorological conditions which led to variations in amount of precipitation and also variations in air trajectories. The modelled decline in SO 4 * concentrations in the lakes over the period 19862001 closely matched the observed for the 20 lakes as a whole (Fig. 4) as well as individual lakes (Fig.  5 ). This indicates that the default values used for SO 4 adsorption in the soil described the actual retention and release of SO 4 quantitatively.
Comparison of the modelled and observed ANC (acid neutralising capacity) provides a measure of the accuracy of the calibration. ANC is defined as SBC-SSA, where SBC is the equivalent sum of base cations (Ca + Mg + Na + K), and SSA is the equivalent sum of strong acid anions (SO 4 + Cl + NO3). ANC was not calibrated directly, and the (Aas et al., 2002) and modelled by EMEP (Schöpp et al., 2003) relative to values for 1995-97. modelled ANC summed the calibration error in each of the seven ions contributing to ANC. For the calibration period 199597, the modelled ANC agreed with observed within the specified error range of ± 2 µeq l 1 for each of the base cations (Fig. 6) .
SO4* deposition southern Norway
The slope of time trends in ANC over the period of observations was less steep than the observed both at individual lakes (Fig. 7) , for the 34 lakes for which there were annual observations over the period 199099 (Fig. 8) , and for the 20 lakes for which there were observations 1986-2001 (Fig. 9) . 
HINDCASTS AND FORECASTS
Maps of the geographic distribution of modelled concentrations of SO 4 * in the lakes in several key years illustrate the regional pattern as well as the changes over time (Fig. 10) . SO 4 * concentrations were highest along the south coast and decreased inland. Prior to the onset of acid deposition, none of the lakes had SO 4 * above 20 µeq l 1 ; in the calibration years 199597 the majority had SO 4 * above 20 µeq l 1 , and in 2016 and 2036 the concentrations of SO 4 * in many of the lakes were predicted to be below 20 µeq l 1 . Comparable maps for ANC show a more complicated geographic pattern of absolute ANC levels (Fig. 11) , related not only to the acidification caused by sulphur deposition, but also to the inherent sensitivity to acidification related to soil characteristics such as weathering rate of base cations (Wright and Henriksen, 1978) . The MAGIC results indicated that, prior to the onset of acid deposition, none of the lakes had ANC below 0 µeq l -1 , in the calibration years 199597 the majority had ANC below 20 µeq l 1 , while by 2016 and 2036 many of the lakes were predicted to recover to above 20 µeq l , and future forecast assuming CLE scenario is implemented (2016 and 2036) . Shown are MAGIC calibrations under scenario 1 (constant % N retention). and constant levels after 2020 (Fig. 12) . The converse trend was predicted for ANC concentrations and the predicted future response indicated levels lower than the preacidification reference levels in the lakes (Fig. 13) .
Pie charts are a third means of presenting these results. For SO 4 * the data indicated that from 1996 to 2016 concentrations will decline in the lakes such that by 2016 none will have SO 4 * in the > 40 µeq l 1 category (Fig. 14) . A small further improvement from 2016 to 2036 was also indicated. For ANC, the number of lakes in the most acidified category (< 0 µeq l 1 ) was predicted to decline from 85% in 1996 to 38% in 2016 and further to 33% in 2036 (Fig. 15) . The fraction of lakes in the highest ANC category (> 20 µeq l 1 ) will ultimately increase to 18%.
NITROGEN SCENARIOS
While all of the lakes could be calibrated under scenarios 1 (constant % N retention) and 2 (N dynamics with high C 1860, 1995-97, 2016 and 2036 under scenario 1 (constant % N retention) . pool), 9 of the 60 lakes failed to calibrate under scenario 3 (N dynamics with low C pool) (Fig. 16 ). These all have total soil C pools less than about 500 mol m 2 . Comparison of the NO 3 concentrations simulated by MAGIC under the three scenarios with the observations reveal that none of the MAGIC scenarios gave results that fit the observed trends. Indeed, the observations for individual lakes showed widely differing time trends during the period 19862000; some have an increasing trend, some have no trend and some have decreasing trend (Fig. 17) .
The three nitrogen scenarios produced quite different trends in past and future concentrations of NO 3 in lakes (Fig.  18) . Under scenario 1 (constant % N retention) median NO 3 concentrations were predicted to decline in response to future declines in N deposition, whereas in scenarios 2 (N Fig. 16 . Soil C pool and N deposition in 1995-97 1970 1975 1980 1985 1990 1995 2000 changed. Predictions based on the calibrations here are, therefore, probably much more reliable than those made previously by Wright et al. (1991) and Cosby and Wright (1998) . The calibrated trends in SO 4 closely matched the observed over the period 19862000 (Figs. 4 and 5 ). This suggests strongly that soil processes such as SO 4 adsorption/ desorption and S reduction/oxidation do not delay the response of runoff to changes in SO 4 deposition by more than a few years. In young soils such as those in southern Norway developed since the last Pleistocene glaciation, of course, sulphate adsorption capacity is typically low (Johnson et al., 1980) , but the trends also indicated that redox processes in wetlands in southern Norway generally play a minor role on time scales of years. In catchments in southern Ontario, Canada, on the other hand, periodic release of reoxidised sulphate from wetlands can have a large impact on runoff chemistry (Devito et al., 1999) .
The observed trends in ANC during the 1990s were larger (steeper slopes) than the MAGIC simulated slopes (Fig. 8) . Inasmuch as the trends in strong acid anions (mostly SO 4 ) were correctly simulated, this means that the decline in observed concentrations of base cations (BC) was less than the simulated. In other words, the observed F-factor (defined as change in BC per change in SO 4 * ) (Henriksen, 1980; Brakke et al,. 1990 ) was smaller than simulated by MAGIC. This in turn implies that the soil BC retention is stronger than simulated, i.e. the cation selectivity coefficients for cation exchange between base cations and aluminium are lower than those calibrated by MAGIC. One explanation for this could be that the entire soil column does not interact actively with the soilwater that emerges as runoff. Another explanation is that the default values used for several key parameters such as logKAl in soil and total concentration of dissolved organic acids in soil solution, neither of which is measured, were too high. The response of runoff to changes in deposition is particularly sensitive to changes in these two parameters.
NITROGEN DYNAMICS
The empirical relationship between C/N ratio in forest floor and the N out/in ratio of Gundersen et al. (1998) is a snapshot in time. If the space-for-time analogy is invoked, this relationship implies that sites with C/N ratio below about 25 and at which N retention is low, formerly had higher C/ N ratios with nearly 100% retention. Further, this implies that at these sites the C/N ratio declined due to retention of N deposition. A consequence is that the NO 3 concentrations in surface waters at these sites have increased over time as the C/N ratio has decreased. dynamics high C pool) and especially 3 (N dynamics low C pool) future NO 3 concentrations were predicted to increase due to progressive lowering of C/N ratios in soil and thus decreased % retention. By the year 2050, NO 3 concentrations predicted under scenario 3 were almost twice those predicted under scenario 1.
The large differences in NO 3 , however, produced only minor differences in ANC between the three scenarios (Fig.  18) . Even in the year 2050 the difference was predicted to be only about 5 µeq l 1 .
Discussion
CALIBRATION
Calibration of the sites to the observed time trends (1990 1999) as well as to one point in time (mean 199597) increased the robustness of the calibration. In a study of uncertainties in predictions using MAGIC, Larssen et al. (in press) showed that not only does the range of predicted ANC decrease but also the distribution of the forecast is But the temporal data for the RECOVER lakes in southern Norway did not show systematic increases in NO 3 concentrations (Fig. 15) . In most cases, the observed trends over the past 15 years were not simulated by any of the three N scenarios. It is clear that the C/N ratio in soil is not sufficient to account for N retention and leaching at these sites.
PREDICTED FUTURE CHEMISTRY
If the emission reductions in the CLE scenario are implemented, then S deposition in southern Norway will decrease until the year 2025, at which time deposition of SO 4 * will be reduced to the levels of 1880 (Fig. 1 ). This is a fully 80% reduction relative to the peak in 1970. For nitrogen, the future reductions under CLE are more moderate; NH 4 will remain constant at present-day levels, which are about 25% below the peak of 1980, while NO 3 will decrease to about 50% of the peak level of 1990.
SO 4 * concentrations in the lakes were predicted to decrease parallel with the future decreases in S deposition (Figs. 10, 12 and 14) . Fully 80% of the expected decline to the year 2025, however, has already occurred by the year 2000.
Similarly ANC concentrations were predicted to increase in the future, but again about two-thirds of the expected change has already occurred over the past 20 years (Figs. 11, 13 and 15) . ANC concentrations were also predicted to increase gradually after 2025 in most of the lakes due to the gradual re-building of the pool of base cations in the soil. By the year 2025, however, the recovery of ANC will probably still be incomplete; in 2025, the median predicted ANC was +5 µeq l 1 whereas the original median ANC in year 1860 was +25 µeq l 1 .
PREDICTED FUTURE BIOLOGICAL STATUS
The predicted future ANC concentrations in lakes can be interpreted in terms of population status of trout. With about 95% probability, lakes with ANC < 0 µeq l 1 are barren, ANC 020 µeq l 1 have sparse populations, and ANC > 20 µeq l 1 have good populations (Bulger et al., 1993; Lien et al., 1992) . The MAGIC simulations indicated that chemical conditions in about one-third of the lakes will still be insufficient to support trout populations in the year 2036 (Fig. 15) .
IMPLICATIONS FOR MANAGEMENT
These lakes are among the most acid-sensitive in Norway (and Europe) , and yet are typical of lakes in large areas of southernmost Norway. Maps of critical loads of acidity and exceedence for surface waters show southern Norway as a hot spot in Europe (Posch et al,. 1999) . Even after the CLE scenario is implemented, the critical load of acidity will be exceeded in many of the lakes, and about one-third of the lakes will have ANC < 0 µeq l 1 (Fig. 15) . Thus, additional measures are required if these lakes are to be restored. The MAGIC calculations can be used to determine target loads, that is to which level S deposition must be decreased to allow a given number of the lakes to recover. Another measure might be liming either the lakes or their catchments
CONFOUNDING FACTORS
The largest uncertainty in these predictions is the future retention and loss of N. Over the next few decades, the three different N scenarios used here do not predict large differences in ANC. But over the long term, the N saturation scenarios 2 and 3 imply dramatic increases in NO 3 concentrations and thus re-acidification of the lakes with decreases in ANC.
Future climate change entailing warming and changed precipitation could also cause increased NO 3 loss to surface waters. That increased temperature enhances mineralisation of soil organic matter was demonstrated by the CLIMEX project, a whole-catchment manipulation with increased air temperature and CO 2 , in which NO 3 concentrations in runoff increased in a small catchment in southern Norway (Wright 1998) .
These MAGIC simulations indicated that acidified lakes in southern Norway will continue to recover over the next 1020 years, if the Gothenburg protocol and other currently agreed legislation are implemented. The recovery will not be complete, however, not only because there will still be significant acid deposition in the future (maximum reductions are 80% relative to the 1970 peak year) but also because the decades of acid deposition have depleted the soils of base cations. The latter factor introduces hysteresis recovery of the lakes does not simply follow the reverse path of acidification. Over the next 1020 years, many of the lakes were predicted to recover to the point at which they can again support trout populations. Possible increased leaching of nitrogen due to N saturation and climate change, however, makes longer-term predictions uncertain.
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